Introduction
Bacteria and higher organisms have developed resistance mechanisms to toxic metals. Consequently, phytoremediation and bioremediation processes, using plants and bacteria, respectively, are very effective in comparison with other physical and chemical processes for heavy metal removal. These processes are inexpensive and efficient at low metal concentrations for enhanced reduction of such contaminants in wastes, sediments or soils contaminated with toxic heavy metals (Pilon-Smits 2005; Valls and de Lorenzo 2002; White et al. 1998) . Currently, heavy metal toxicity is one of the most hazardous environmental problems and constitutes a global issue. One means of finding novel solutions is to use bioinformatics to search the genomes of new microorganisms which possess the capacity to resist heavy metals. Bacterial genes are mainly chromosomal and to a lesser extent plasmid-encoded. However, heavy metal binding is mostly governed by plasmid-borne genes and includes resistance to many toxic metal ions, includ- (Silver 1996; Silver and Phung 1996) . Many workers have studied the effect of heavy metals on microorganisms and described various metal-resistance systems (Nies 1999) . Plasmid-borne metal resistance and genomic islands have been reported (Mergea 2007) .
Cronobacter is member of the family Enterobacteriaceae and is ubiquitous in the environment and is a neonatal pathogen (Iversen and Forsythe 2003; Joseph and Forsythe 2011) .
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Earlier, phylogenetic analysis, using multilocus sequence analysis, predicts that the Cronobacter genus split from its closest ancestor in the Enterobacteriaceae family approximately 45-68 million years ago (MYA) with C. sakazakii further emerging ~15-23 MYA (Joseph et al. 2012 ). The bacterium is tolerant of many environmental stresses such as prolonged desiccation and heat (Osaili and Forsythe 2009 ). However, metal resistance in this organism has not previously been investigated. Recently, the whole genome was released for C. sakazakii strain BAA-894 (Kucerova et al. 2010) . This included the partial annotation of the plasmid pESA3 (131 kb, 127 genes) with predicted arsenic resistance genes, as well as copper, silver and tellurium resistance genes encoded on the chromosome (Kucerova et al. 2010 (Kucerova et al. , 2011 . The copper, silver and tellurium resistance genes are homologs of the genes found on plasmids in other Enterobacteriaceae: IncII plasmid R478 of Serratia marcescens, pK29 of Klebsiella pneumoniae NK29, and pAPEC-O1-R of E. coli APEC O1 (Gilmour et al. 2004) .
Functionally and structurally important regions in a protein family are well conserved across species. Consequently, the detection of functional residues in proteins is important in functional annotation (George et al. 2005; Livingstone and Barton 1996; Ouzounis et al. 1998; Pupko et al. 2002) . In recent years, the computational studies have been used to predict metal-binding motifs and associated genes, along with the binding motif responsible for metal and/or heavy metal interactions (Thilakaraj et al. 2007) .
The objectives of this study were to identify putative proteins for heavy metal binding which were encoded on the plasmid pESA3 of C. sakazakii BAA-894 and to investigate possible evolutionary aspects with respect to most toxic heavy metals. Finally, confirmatory laboratory studies of heavy metal tolerance by C. sakazakii BAA-894 was determined. This study also reveals putative heavy metals binding interactions of metal ions such as cadmium, cobalt, iron, zinc, copper, arsenic, mercury, manganese and nickel.
Materials and methods

Dataset
All 127 pESA3 protein sequences (Accession number NC_009780.1) were considered in this study. These were downloaded in FASTA format from the Genbank database of NCBI (Benson et al. 2000) .
Heavy metal-binding prediction
Metal-ion-binding protein sequences for cadmium, lead, cobalt, zinc, arsenic, iron, copper, mercury, manganese and nickel ions were analyzed using the PROSITE tool Nicolas et al. 2004; Sigrist et al. 2002 Sigrist et al. , 2010 for sequence similarity searching against Swissprot/TrEMBL ( Bairoch et al. 2004; Magrane 2011) . Hits for all PROS-ITE motifs on each sequence were obtained, and the binding domains were manually inspected. Each heavy metal's binding hits were recorded by assessing the binding statistics associated with full binding description of organic and inorganic legends including heavy metals. These binding statistics recorded were obtained from the PDBeMotif search tool. PDBeMotif can be used to examine the characteristics of the binding sites of single proteins or classes of proteins either within the same species or across different species (Golovin et al. 2005 (Golovin et al. , 2008 (Golovin et al. , 2009 ). Moreover, metal-binding sites contain cysteine, histidine, aspartate and glutamate residues because most of the motifs have been designed around these conserved residues (Thilakaraj et al. 2007; Zhang and Colman 2000) . Therefore, amino acid composition frequencies were also taken into consideration to know the percentage of metal-binding amino acids. Furthermore, the metal-ionbinding motifs were checked by performing a scan using the ScanProsite tool (De Castro et al. 2006 ) against the SwissProt/TrEMBL database. Homologous crystal structure for the identified amino acid sequences was investigated by comparison with available PDB database (Bernstein et al. 1977) using BLASTp search (Altschul et al. 1990) , to show similarities in the protein crystal structure. Structure knowledge is essential for all areas of protein research such as enzyme kinetics, ligand-protein binding studies, gene characterization and construction, structure-based molecule design, and rational designing of proteins. Therefore, this concept was used for the validation of potential metal ion binding to proteins encoded on pESA3 in C. sakazakii BAA-894.
Phylogenetic analysis of protein sequences for most toxic heavy metals
The most toxic heavy metal term was applied to cadmium, mercury, lead and arsenic, which are listed by the World Health Organization as chemicals of major public concern (Brathwaite and Rabone 1985) . In the periodic table, the metalloid arsenic (As) is placed in group V and is thus classified as a most toxic heavy metal (Wackett et al. 2004) . Sequences for all the most heavy toxic metal-binding proteins were recruited from Table 2 and imported into MEGA5 (Tamura et al. 2011 ) for phylogenetic analysis. The Maximum Parsimony (MP) method was used to generate phylogeny tree.
Demonstration of tellurium, copper and silver metal tolerance
The whole genome sequenced strain C. sakazakii BAA-894 was studied for heavy metal resistance and has been described in earlier publications (Kucerova et al. 2010 (Kucerova et al. , 2011 . It is in the Cronobacter clonal group sequence type 1 (ST1) as determined using the seven allele Cronobacter multilocus sequence typing scheme (Forsythe et al. 2014) . Further strain details are accessible from the open access Cronobacter database hosted by the University of Oxford (UK): www.pubMLST.org/cronobacter. Cronobacter sakazakii BAA-894 was grown overnight in tryptone soya broth at 37 °C. An aliquot (200 µl) was then added to 5 ml fresh Luria broth and shaken for 2.5 h at 37 °C, 200 rpm. The optical density of the culture was measured at 600 nm and diluted to a standard of OD 600 = 0.5. Then, 400 µl of the diluted culture was added to 10 ml top agar (5 g tryptone and 7 g agar/l water) at 42 °C and poured on TSA plates. After solidification, a sterile 1-cm-diameter filter paper disk was aseptically placed on the agar surface and 7 µl of heavy metal solution was added (silver nitrate, copper sulfate and sodium tellurite (10-100 mM)). The plates were incubated overnight at 37 °C, before measuring the radius of the zone of inhibition (ZOI). Plates were then reincubated for a further 24 h to observe the formation of black colonies within the zone of inhibition for tellurite (IV).
Results
Experimental demonstration of heavy metal tolerance
Cronobacter sakazakii BAA-894 was resistant to silver nitrate and copper sulfate up to 1 and 10 mM, respectively. The organism was also resistant to tellurite up to 1 mM. During incubation, the bacterial growth at the edge of the zone of inhibition with tellurite (IV) became black which is characteristic of elemental tellurium metal formation. Table 1 . Each of these sequences showed one or more metal-ionbinding site. The binding statistics for each Prosite domain hit for every sequence revealed that only arsenic ion would be bound with van der Waals' interaction, whereas other heavy metals would have covalent bond interactions. The frequency histogram was also represented for highly responsible metal-binding amino acid residues (Fig. 1) . In this case, aspartate and glutamate residues inferred better interaction with proteins. All 33 predicted sequences were validated by searching for the most similar protein crystal structure using BLASTp search against the PDB database. The predicted crystal structures of the corresponding metal-ion-binding protein were evaluated. In addition, Ca 2+ and Mg 2+ ion interactions were also considered. The matching crystal structure and metal ion for each of the 33 predicted sequences are listed in Table 2 .
Phylogenetic analysis of protein sequences for most toxic heavy metals
Mercury, cadmium, lead and arsenic metal-binding protein sequences were collated for phylogenetic analysis. The analysis used 12 amino acid sequences, and the consensus tree inferred from two most parsimonious trees is shown (Fig. 2) . Branches corresponding to partitions reproduced in less than 50 % trees are collapsed. All positions containing gaps and missing data were eliminated. There were a total of 103 positions in the final dataset. It was possible to analyze the result by clade level phylogeny. Three to four clades were obtained after tree construction for 12 amino acid sequences. In Fig. 2 , three clades are highlighted by a red circle on the basis of similarity. The most interesting fact was observed in study that the clade A demonstrated most related pattern for lead-binding proteins with 3 leadbinding putative sequences out of four showing evolutionary similarity. Arsenic-and cadmium-mediated amino acid sequences exhibited similar clustering in clades B and C. Mercury-mediated sequences also demonstrated relatedness in clade C with 100 % consensus value. One major single-branch clad was distantly related which corresponded to two metal-binding sequences for cadmium and one each for mercury and lead.
Discussion
Cronobacter sakazakii is a ubiquitous organism in the environment (Joseph et al. 2012; Kucerova et al. 2011 ). This bacterium is tolerant of many environmental stresses such as prolonged desiccation and heat (Osaili and Forsythe 2009). However, metal resistance has not previously been investigated. In our study, C. sakazakii BAA-894 was shown to tolerate silver nitrate and copper sulfate to 1 and 10 mM. Tellurite resistance was notable by the reduction in tellurite (IV) to the elemental form tellurium which accumulated as a black deposit. The predicted tellurite resistance genes are located on the chromosome of this strain at loci ESA_01775-01804 (Kucerova et al. 2010) . These genes are homologs of well-characterized genes carried on plasmids in other Enterobacteriaceae (Gilmour et al. 2004 ). This warrants further investigation as the mechanisms of tolerance and relevance of genomic location are still poorly understood (Chasteen et al. 2009 ). C. sakazakii BAA-894 carries a large plasmid (pESA3, 131 kb) which encodes 127 genes that have not been described in any detail in the literature (Kucerova et al. 2010) . Our study has shown that more than one-fourth of these gene-encoded proteins are predicted to have heavy metal-binding interactions. All metal-binding sequences were accessed from UniprotKB/ Swissprot database Magrane 2011) and indicated that they are all specific to the protein family. Specific heavy metal-binding interaction with protein sequences is helpful for protein functional annotation and structural study (George et al. 2005; Livingstone and Barton 1996; Ouzounis et al. 1998; Pupko et al. 2002) . The analysis showed metal-ion-binding interaction with similar protein crystal structure of identified plasmid pESA3-encoded amino acid sequences. The most toxic heavy metals investigated were cadmium, mercury, lead and arsenic, all of which the World Health Organization recognizes as chemicals of major public concern (Brathwaite and Rabone 1985) . The phylogenetic analysis of the most toxic heavy metal-binding protein sequences generated robust trees aiding interpretation of biological data with reference to heavy metal tolerance.
Furthermore, an attempt was made to understand the patterns for protein binding with most toxic heavy metals. Very recently, it was hypothesized that members of the Enterobacteriaceae family shows similar pattern for arsenic reduction (Chaturvedi and Pandey 2014) and that it is more common in this family than other members of the gammaproteobacteria. In addition, this study revealed the extent that heavy metal-binding proteins are encoded on the larger plasmid of C. sakazakii, which could be further used to address public health concerns for exposure to heavy metals.
Conclusion
The genomic analysis of the large plasmid in C. sakazakii has revealed possibilities for further environmental care and bioremediation strategy with respect to heavy metal toxicity. The organism was shown to be tolerant of copper and silver and can reduce tellurite (IV) to the elemental form. Moreover, the detailed metal-binding affinities of identified proteins will support future studies. The ability to predict metal-binding proteins can accelerate the development of more efficient bioremediation, biosorption, bioaccumulation and many other environmental protection strategies.
PDB identifiers corresponding every protein sequence were highlighted in bold Fig. 2 Representation of evolutionary tree of amino acid sequences encoded on the plasmid pESA3 which may interact with mercury, cadmium, lead and arsenic. All nodes are named as gene-locus-tag along with corresponding metals. Red circles (A, B and C) indicate most related clades corresponding to the respective metal, showing significant similarity for lead as well as cadmium and arsenic
